Purpose Despite the successful use of tyrosine kinase inhibitors (TKIs) in cancer patients, their effect on herpes zoster development has not been studied. The aim of this study was to evaluate and compare the effects of epidermal growth factor receptor (EGFR) TKI and cytotoxic chemotherapy on the risk of herpes zoster development in non-small cell lung cancer (NSCLC) patients.
Introduction
Herpes zoster, which manifests as a painful vesicular rash, is caused by the reactivation of the varicella-zoster virus (VZV) that lies dormant within dorsal root ganglia cells. Despite the common self-limiting clinical course of VZV, it often persists and causes chronic complications such as postherpetic neuralgia, cranial nerve palsy, polyneuritis, and myelitis. Previous studies evaluated the risk and severity of herpes zoster in relation to several clinical factors [1] [2] [3] [4] [5] [6] [7] . Age is a commonly noted risk factor that increases the incidence and the severity of the disease [1, 2] . Immunocompromised status caused by human immunodeficiency virus infection and the intake of immune-suppressive drugs are also known to be related to the reactivation of VZV [3] [4] [5] . Moreover, patients undergoing cancer treatments have been reported to have a higher incidence and more severe symptoms than the general population [6, 7] .
In cancer patients, cytotoxic chemotherapy agents have been used as one of the major treatment modalities. However, as cytotoxic chemotherapy agents target rapidly proliferating cells, these agents inevitably affect epithelial cells, immune-related cells, and hematopoietic cells, which leads to the development of cutaneous, infectious, and hematologic adverse effects. To minimize these adverse effects and to overcome the lack of specificity against cancer cells, molecular targeted chemotherapy has been developed. It targets specific genes or oncoproteins found in cancer cells and works by interfering with specific molecules required for tumor development and growth [8, 9] . Owing to its specificity towards cancer cells, molecular targeted chemotherapy has been reported to be more tolerable and less toxic to immune and hematologic cells than cytotoxic chemotherapy agents. Consequently, it can be assumed that the risk of herpes zoster is lower in patients receiving molecular targeted chemotherapy than in patients receiving conventional cytotoxic chemotherapy.
Gefitinib and erlotinib, which are small molecule tyrosine kinase inhibitors (TKIs) that target the tyrosine kinase domain of the epidermal growth factor receptor (EGFR), have been successfully introduced and have become standard treatment for EGFR mutant non-small cell lung cancer (NSCLC) [10] . Patients receiving gefitinib and erlotinib do not typically show myelosuppression, neuropathy, alopecia, or severe nausea, which are common side effects of traditional cytotoxic agents. Instead, the major toxicities of gefitinib and erlotinib are dermatologic problems including papulopustular eruption, xerosis, and paronychia [11, 12] .
However, the effect of EGFR TKIs on herpes zoster has not been studied. Despite the expectation that EGFR TKIs would be less toxic to immune-related cells, there have been a few cases of viral infection or viral reactivation upon EGFR TKI use. Wnorowski et al. [11] described a patient who developed a severe skin eruption followed by herpes zoster superinfection upon erlotinib use, and Bui and Wong-Sefidan [13] reported hepatitis B virus reactivation after erlotinib withdrawal. However, there also have been various studies showing that EGFR TKIs have anti-viral effects against human papillomavirus (HPV), hepatitis C virus (HCV), and poxvirus [14] [15] [16] [17] [18] .
In this study, we aimed to investigate the effect of EGFR TKIs, compared to cytotoxic chemotherapy, on the risk of developing herpes zoster in patients with lung cancer. NSCLC patients, whose standard treatments include both conventional cytotoxic chemotherapy and EGFR TKIs, are considered an appropriate population for our study.
We performed the study in two parts: first, we investigated the incidence rates of herpes zoster during TKI regimens and cytotoxic regimens in patients who have received both TKI and cytotoxic chemotherapy. Second, we examined the effect of TKI regimens on the longitudinal risk of herpes zoster by comparing the incidence in patients who had received TKIcontaining regimens with the incidence in patients who had received cytotoxic chemotherapy regimens only.
Materials and Methods

Study population and data collection
Subjects were selected from a consecutively collected cancer patient registry that included NSCLC patients. Among the registered NSCLC patients, patients who were at initial stage IIIB/IV or recurred after operation and consequently had received chemotherapy in the Seoul National University Hospital from 2002 to 2015 were selected [19, 20] . We collected data on patient characteristics and clinical features, including demographic information (age and sex), smoking history, Eastern Cooperative Oncology Group (ECOG) performance status, clinical presentation of NSCLC at the beginning of chemotherapy, history of radiotherapy, and history of chemotherapy from patient medical records. The number of chemotherapy regimens, types of each regimen, and duration of chemotherapy for each patient were examined in detail. Chemotherapy regimens were classified into two categories: (1) EGFR TKI regimens, which includes gefitinib and erlotinib; and (2) cytotoxic regimens, which includes gemcitabine, carboplatin, cisplatin, docetaxel, paclitaxel, vinorelbine, and etoposide. The patients who had received EGFR TKI regimens were classified as the TKI group, and those who had never received an EGFR TKI regimen and received the cytotoxic regimen only were classified as the cytotoxic group. In the present study, we did not consider the status of EGFR mutation into the classification because EGFR TKIs are commonly incorporated as second-or thirdline chemotherapy in patients with no EGFR mutation and unknown EGFR mutation status.
Risk of herpes zoster during and after administration of the EGFR TKI regimen
First, the frequency of herpes zoster was compared between the EGFR TKI and cytotoxic groups and further analyzed according to the clinical variables.
In order to compare the risks of the TKI regimen-related herpes zoster and cytotoxic regimen-related herpes zoster, the incidence rate of herpes zoster during the periods of TKI (TKI regimen period) and cytotoxic regimens (cytotoxic regimen period) was compared in the TKI group. The TKI regi-men period was defined as the total treatment period a patient was treated with TKIs, and the cytotoxic regimen period was defined as the total period a patient was treated with cytotoxic chemotherapy (Fig. 1A) . The development of herpes zoster during the TKI regimen period was considered TKI regimen-related herpes zoster, while the development during the cytotoxic regimen period was cytotoxic regimenrelated herpes zoster.
To determine if the TKI regimen has any effects on the longitudinal risk of herpes zoster, we compared the cumulative incidence rate of herpes zoster between the TKI and cytotoxic groups. In the TKI group, the event of herpes zoster development after the initiation of the TKI regimen was counted; in the cytotoxic group, the event of herpes zoster development after the first chemotherapy regimen was counted (Fig. 1B) .
Statistical analysis
The frequency of herpes zoster depending on patient characteristics and clinical features were compared using chisquare tests. To compare the incidence rate of herpes zoster during the TKI and cytotoxic regimen periods, the incidence rate was analyzed in the unit of occurrence per 100 personyears (PY) and the incidence rate ratio (IRR) of the TKI regimen period to the cytotoxic regimen period and its 95% confidence interval (CI) were analyzed by Poisson regression.
In our analysis of the longitudinal risk of herpes zoster, we followed each individual up to the last visit to our institution until October 2015. The starting points were defined as the use of first TKIs in the TKI group and as the use of first cytotoxic agents in the cytotoxic group. Before the analysis, propensity score matching was performed to reduce selection bias between the TKI and cytotoxic groups. The longitudinal risk of herpes zoster according to chemotherapy Ji Young Choi, The Effect of TKIs on Herpes Zoster Development Fig. 1 . Definition of the tyrosine kinase inhibitor (TKI)/cytotoxic regimen period and the TKI/cytotoxic groups. (A) The TKI regimen period was defined as the total treatment period treated with epidermal growth factor receptor (EGFR) TKI and the cytotoxic regimen period was defined as the total period treated with cytotoxic chemotherapy. (B) The TKI group was defined as the patients who had received at least one course of EGFR TKI and the cytotoxic group was defined as the patients who had received the cytotoxic-regimen only. The incidence of herpes zoster that occurred after the initiation of the first chemotherapy was included in the study. 
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Results
Study population
From 2002 to 2015, a total of 2,981 NSCLC patients, including 1,790 men (60.0%) and 1,191 women (40.0%), were enrolled in the study. The mean age of the study population was 62.37±11.07 years. As presented in Table 1 Chi-square test for trend.
respectively. Of the patients, 84.5% received radiation therapy, 49.5% received more than three lines of chemotherapy, and 33.5% received chemotherapy for more than 1 year.
Patients with a history of TKI treatment (2,002 patients) were classified as the TKI group, and the remaining 979 patients without a history of TKI treatment were classified as the cytotoxic group. In the TKI group, 1,514 patients (75.6%) received gefitinib treatment only, 367 patients (18.3%) received erlotinib treatment only, and 121 patients (6.0%) had received both gefitinib and erlotinib treatments. Among the total study population, 46 patients developed herpes zoster after the initiation of chemotherapy, and the overall frequency of herpes zoster was 1.54%. The frequency of herpes zoster was not different based on sex, age, smoking history, ECOG performance status, initial status, and previous radiotherapy history in both the TKI and cytotoxic groups. However, the frequency was significantly different according to the number of chemotherapy regimens in the cytotoxic group. In both groups, the frequency of herpes zoster was significantly higher with a longer duration of chemotherapy. Chi-square test for trend.
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Risk of herpes zoster during the use of TKI and cytotoxic regimens
We compared the incidence of herpes zoster during the TKI regimen period with that during the cytotoxic regimen period in the TKI group. TKI/cytotoxic regimen period was defined as the period during which patients are currently receiving TKI/cytotoxic regimen without discontinuation. The incidence rate during the TKI regimen period was 1.35 per 100 PY, and the incidence rate during the cytotoxic regimen period was 1.28 per 100 PY. The IRR of the TKI regimen period to the cytotoxic regimen period was 1.05 (95% CI, 0.53 to 2.09), suggesting that that there was no significant difference in the occurrence of herpes zoster according to the treatment regimen (Table 2) .
To determine whether there was a difference in the incidence of herpes zoster according to the type of EGFR TKI, we performed a subgroup analysis of 1,635 patients with a history of gefitinib therapy and 488 patients with a history of erlotinib therapy. Compared to the incidence rate of herCancer Res Treat. 2019;51(1):169-177 
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Log-rank test: p=0.994
pes zoster during the cytotoxic regimen period, the IRR of incidence rate during gefitinib therapy was 1.07 (95% CI, 0.47 to 2.43) and that during erlotinib therapy was 1.28 (95% CI, 0.36 to 4.55), both of which were not significant.
Longitudinal risk of herpes zoster in patients treated with the TKI and cytotoxic regimens
To evaluate the longitudinal risk of herpes zoster, we compared the incidence rate of herpes zoster in the TKI group with that in the cytotoxic group by reviewing the occurrence of herpes zoster after chemotherapy. We performed propensity score matching to balance the covariates between the two groups, i.e. the clinical features shown in Table 3 , and 979 individuals in both groups were matched. Prior to matching, the TKI group had a lower male ratio, a lower mean age, a higher percentage of smokers, and a higher percentage of previous radiotherapy treatments compared to the cytotoxic group. However, the difference between the TKI and the cytotoxic groups was reduced after matching.
After matching, the IRR of the TKI group, compared to the cytotoxic group, was 1.33 (95% CI, 0.64 to 2.76), which meant that there was no significant difference in the longitudinal incidence rate of herpes zoster between the two groups. Moreover, the Kaplan-Meier cumulative risk of these two groups were not significantly different (p=0.591, log-rank test) (Fig. 2A) .
The IRR was also calculated using the subgroup analysis in which propensity matching was performed for the two subgroups of patients receiving gefitinib and erlotinib. There was no significant difference between the two TKI subgroups and the cytotoxic group (Table 4) . When comparing the cumulative risks by Kaplan-Meier analysis, there was no significant difference between the TKI subgroups and the cytotoxic group (log-rank test; p=0.994, gefitinib vs. cytotoxic; p=0.104, erlotinib vs. cytotoxic) (Fig. 2B and C) .
Discussion
The incidence rate of herpes zoster has been reported to be higher in patients with malignancies and in patients who underwent cancer treatments compared to the general population. According to the retrospective study by Rusthoven et al. [21] , the cumulative incidence rate of herpes zoster in their cancer patient cohort was 625 per 10 5 PY, which was two to three times greater than that in the general population. Dunst et al. [22] reported the incidence rate of herpes zoster among breast cancer patients after radiotherapy to be 3.7% (41/1,555 patients), which was 3-to 5-fold higher than that in the general population. However, the association between the development of herpes zoster and chemotherapeutic agents has rarely been studied.
VZV is known to remain in its latent stage when VZV-specific cell-mediated immunity is potent. Accordingly, the host factors that cause serious disruption of cell-mediated immunity have been known as major risk factors of reactivation. Among cancer patients, patients with hematologic malignancies have been reported to have high frequencies of herpes zoster, possibly due to their compromised immune system. Although patients with solid tumors are relatively less at risk, patients receiving chemotherapy are at greater risk for Table 4 . Incidence rates of herpes zoster in the TKI (including subgroups) and cytotoxic groups TKI, tyrosine kinase inhibitor; PY, person-years; IR, incidence rate; IRR, incidence rate ratio; CI, confidence interval. VOLUME 51 NUMBER 1 JANUARY 2019 175 herpes zoster [21, 23] . A study that investigated herpes zoster infections in breast cancer patients treated with adjuvant chemotherapy reported 13-to 25-fold higher incidence compared to the incidence in the general population [24] .
Masci et al. [24] further highlight the association between the immunosuppressive effects of chemotherapy and the incidence of herpes zoster by comparing the incidence during taxane-based treatment, anthracycline-based treatment, and cyclophosphamide/methotrexate/fluorouracil treatment. The incidence of herpes zoster was the highest during taxane-based treatment, which was considered to have the strongest immunosuppressive effect. The effect of immunemodulating agents on the occurrence of herpes zoster was also investigated in a study that reviewed the incidence of herpes zoster in patients with non-Hodgkin lymphoma (NHL). Among NHL patients, the patients receiving rituximab-containing chemotherapy had an increased short-term risk of herpes zoster compared to the patients receiving conventional chemotherapy [25] . It is speculated that rituximab, which causes B-cell depletion and disruption of cellular and humoral immunities, increases the risk of herpes zoster. Based on these findings, chemotherapy that suppresses the immune system is an important predisposing factor of herpes zoster.
Then it is reasonable to question whether TKIs, whose therapeutic mechanism is fundamentally different from cytotoxic chemotherapy, would impose comparable risk of herpes zoster. Even though there have been sporadic reports of reactivation of viral diseases during the use of TKIs, EGFR TKIs have been reported to have significantly fewer treatment-related severe adverse events, including neutropenia, compared to cytotoxic chemotherapy [11, 13, 26] . Moreover, EGFR TKIs have been reported to have anti-viral effects on several viral diseases. As EGFR TKIs can inhibit virus-associated EGFR signaling as well as cancer-associated EGFR signaling, they can interfere with the pathogenesis of viruses that involve the EGFR pathway. For HPV, erlotinib was found to prevent immortalization of human cervical epithelial cells by disrupting the EGFR pathway by which HPV oncoproteins stimulate cell growth [17] . For HCV, the tyrosine-based motif within the viral core protein was found to be essential for viral assembly by interacting with a membrane trafficking protein of host cells. Discovery of this motif and consequent experimental evidence that the interaction between viral and host proteins was hampered by the use of erlotinib suggest the potential use of TKIs as antivirals. Moreover, gefitinib was also shown to inhibit poxvirus infection because it blocks the interaction of the vaccinia growth factor of the virus and EGFR, which facilitates viral spreading [19] . Consequently, we anticipated that the use of EGFR TKIs would impose less of a burden on the development of herpes zoster than cytotoxic chemotherapy. However, our data showed that the incidence during the use of EGFR TKIs was not significantly lower than that during the use of cytotoxic chemotherapy. We also found that the incorporation of TKIs into cytotoxic chemotherapy did not significantly reduce the longitudinal risk of herpes zoster in the present study. These findings suggest that EGFR TKIs may impose as significant a risk as cytotoxic chemotherapy for the development of herpes zoster during and after the treatment.
This study has several limitations. This was a retrospective study conducted in a single institution. We may underestimate the incidence of herpes zoster because herpes zoster that occurred during the period when the patient was not visiting the hospital was not included in the study. Potential confounding variables, such as smoking/drinking habits, social-economic status, level of immunosuppression, and underlying diseases other than lung cancer, were not fully reflected owing to limited information on medical records, and subanalysis according to the NSCLC subtype and various cytotoxic agents were not performed. However, a study population of about 3,000 patients and a follow-up period of up to 13 years increased the statistical reliability of the results and many important confounding factors including ECOG performance, operation history, and history of radiation therapy were controlled through propensity score matching. In addition, this was the first study to statistically analyze the incidence of herpes zoster in patients with NSCLC according to chemotherapy regimens, including TKIs and cytotoxic agents.
In conclusion, we found that the incidence of herpes zoster during the EGFR TKI regimen was not significantly lower than that during the cytotoxic regimen in NSCLC patients. There was no difference in the longitudinal risk of herpes zoster between the TKI and cytotoxic groups. Although TKIs are generally thought to be more tolerable to immune-related cells than cytotoxic chemotherapy, our findings emphasize not to overlook the risk of herpes zoster in patients treated with EGFR TKIs. It is therefore worth closely monitoring patients treated with EGFR TKIs as carefully as patients treated with cytotoxic chemotherapy for preventing the development of herpes zoster.
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